ABSTRACT 1 A study design was developed and demonstrated for deployment of a portable on-board emission 2 measurement system (PEMS) for excavators. Excavators are among the most commonly used 3 vehicles in construction activities. The PEMS measured NO, CO, hydrocarbons (HC), CO 2 , and 4 opacity-based particulate matter (PM). Data collection, screening, processing, and analysis 5 protocols were developed to assure data quality and to quantify variability in vehicle fuel 6 consumption and emissions rates. The development of data collection procedures was based on 7 securing the PEMS while avoiding disruption to normal vehicle operations. As a result of 8 quality assurance, approximately 90 percent of the attempted measurements resulted in valid data. 9
INTRODUCTION 23
In the past decade, nonroad engine emissions have increasingly become the focus of regulatory 24 action and air quality improvement strategies. 1 Nonroad sources include: construction, farm, 25 industrial, lawn and garden, recreational, marine, locomotives, aviation, and others. 2 
26
Construction vehicles are estimated to contribute nearly half (48%) of NO x emissions from all 27 nonroad. 1 
29
Most emissions tests of Construction, Farm, and Industrial (CFI) equipment have been done 30 using steady-state engine dynamometer test cycles that involve operating the engine at one ormore settings of constant load and engine speed. [3] [4] [5] [6] [7] [8] [9] EPA's NONROAD model, which is widely 32 used for development of emissions inventories, is based on such data for a limited number of 33 such cycles measured in the laboratory for nonroad engines of different sizes. 10, 11 Adjustment 34 factors are applied to the test cycle data to represent emissions for various "applications" that are 35 intended to represent specific types of equipment, such as bulldozers, front-end loaders, 36 excavators, and so on. However, the empirical basis for such adjustments, if any, is limited. 37 38 An alternative method for measuring emissions is to collect data in the field during actual 39 operations. Formerly, on-board emission measurement was prohibitively expensive and 40 involved the use of bulky and expensive laboratory grade instrumentation that was permanently 41 mounted inside a vehicle. [12] [13] [14] [15] [16] However, recently, lower-cost portable instruments have been 42
developed. For example, the EPA supported development of portable emissions measurement 43 systems (PEMS) for both light and heavy duty vehicles, including nonroad equipment. [17] [18] [19] 44 Commercial PEMS are available for both light duty and heavy duty vehicle applications, for 45 either gasoline or diesel vehicles.
20-24 46 47
There is a lack of real world data for construction equipment. Limited data have been collected 48 by Clean Air Technologies International (CATI), Inc. at the World Trade Center site for a loader, 49 a large Caterpillar excavator, a small Komatsu excavator, and a crane for the purpose of 50 evaluating the benefits of ultra-low sulfur and diesel particulate filter technologies. 25 West 51 Virginia University (WVU) collected PEMS data for a street sweeper, a rubber-tire loader, and 52 an excavator to generate transient test cycles that could be used to simulate real-world operating 53 conditions for exhaust emissions research. 26 EPA used a specialized PEMS, the Simple Portable 54
On-Board Test (SPOT) instrument, to collect engine and exhaust data for 50 construction 55 vehicles in 2002. 27, 28 However, not all of these data are quality assured or publicly available. 56
Some projects to measure in-use emissions of nonroad vehicles are recently starting, such as a 57 study by the University of California at Riverside. A key question is whether there is significant inter-cycle variability in fuel use and emission 60 rates for a given type of vehicle. A duty cycle is a sequence of tasks that is repeated to produce a 61 unit of output. A unit of output can be cubic yards of dirt removed, carried or dumped per use of 62
Portable Emission Measurement System 156
The PEMS used here is the Montana Universal System manufactured by CATI. 24, 45, 46 The 157 system is comprised of two identical five-gas analyzers, a particulate matter (PM) measurement 158 device, an engine diagnostic scanner or sensor array (both are available, but only the sensor array 159 is used here), a global positioning system (GPS), and an on-board computer. All data are 160 recorded on a second-by-second basis. A schematic of the interface of the PEMS with the 161 vehicle is given in Figure 1 The software needed to decode ECU data, when available, is proprietary. The sensor array can 173 be used with any make or model of vehicle and therefore provided flexibility. The sensor array 174 includes sensors that are temporarily installed on an engine compartment for measuring engine 175 speed (ES), intake air temperature (IAT), and manifold absolute pressure (MAP). No 176 modification to the engine is needed. 177
178
Based on the engine data, exhaust concentration data for CO 2 , engine displacement, and an 179 estimate of the engine volumetric efficiency, the mass exhaust flow rate is calculated on a 180 second-by-second basis. The system operates on 13 volts DC power. To avoid imposing a power load on the vehicle, two 183 batteries independent of the vehicle were used as a power supply. 184 CATI conducted studies to compare the PEMS with dynamometer measurements at the New 186
York Department of Environmental Conservation (NYDEC) and EPA's National Fuel and 187
Vehicle Emissions Laboratory in Ann Arbor. 25 The coefficient of determination (R 2 ) values for 188 comparisons of cycle total emissions for the Montana system versus the dynamometer were in a 189 range of 0.90 to 0.99, which indicates good precision. Furthermore, the slopes of the parity 190 plots of cycle total emissions for a given pollutant were not significantly different from one for 191 CO 2 , CO, and NO, indicating good accuracy. For HC, it is well known that NDIR responds 192 accurately to short chain alkenes but has less than full response for other types of compounds 193 (e.g., alkenes, aromatics, and others). 47 Therefore, the total response of the HC measurement is 194 typically approximately 50 percent of the total actual HC levels in the exhaust. PM is measured 195 using light scattering, with measurements ranging from ambient levels to low double digits opacity. 196
The PM measurements are semi-quantitative. In order to clarify that the measurements are not 197 intended to represent accurate mass emission rates, the term 'opacity is used rather than 'PM. ' 198 199 The fuel consumption levels reported by the Montana system have been verified based on 200 measurements for 12 dump trucks that were tested for one day each on petroleum diesel fuel and 201 one day each on B20 biodiesel fuel. 48 When comparing the measured to actual fuel consumption 202 for each of the 24 days of testing, the R 2 was 0.999 and the slope of the parity plot was 0.996. 203
Thus, the fuel consumption data are deemed to be of good precision and accuracy. 204
205
The Montana system was calibrated before each test using a span gas mixture containing 200 206 ppm propane (C 3 H 8 ), 0.5 vol-% carbon monoxide (CO), 6.0 vol-% carbon dioxide (CO 2 ) and 300 207 ppm nitric oxide (NO). 24 the Montana system performs zero calibration automatically every 10 208 minutes. Zero calibration involves using ambient air as a reference to prevent "drift" of the 209
signal. 210 211

Installation of the Portable Emission Measurement System 212
A procedure for field data collection was developed taking into account four key factors: (1) 213 applicability to any vehicle and site; (2) avoidance of disruption of the normal operation of the 214 vehicle; (3) placement of the PEMS so as to avoid limiting the operational performance of the9 Based on these considerations, the field data collection procedure was divided into steps of pre-218 installation, installation, data collection, and decommissioning. The PEMS components that are 219 time consuming to install are "pre-installed" on the vehicle during off-hours the afternoon or 220 evening before data collection. The final "installation" occurs early the morning of data 221 collection for the more expensive and sensitive system components. 222 between approximately 101 to 300 kPa). Exhaust sample probes are secured to the exhaust pipe 238 using radiator pipe clamps. Cables and hoses are routed to the location of the safety cage using 239 plastic ties placed at strategic points along their path, so that they do not come loose during 240 vehicle operation. 241
242
The safety cage is secured to the roof or hood of the vehicle using heavy duty adjustable cargo 243 straps. For Excavator 1, the safety cage was mounted on the cab roof. For Excavators 2 and 3, 244 the cage was mounted on a flat area of the engine hood. Prior to installation of the main unit, 245 rubber and foam pads were placed in the safety cage to as to reduce transmission of vibration 246 from the vehicle. Furthermore, the main unit was shielded from direct sunlight by a tarp secured 247 over the top of the cage. Air was allowed to flow through the sides of the safety cage. recorded for approximately 15 minutes using a camcorder so that there is a visual record of the 268 site conditions and the typical vehicle activity. A research assistant who is observing the vehicle 269 from a safe distance records the timing of specific modes of operation using a laptop computer. 270
The modes of operation, also referred to as task-oriented modes, are activities that the equipment 271 routinely performs to accomplish a specific task. For the excavators tested, the task-oriented 272 modes including idling, moving, and using the bucket. Moving refers to lateral transport of the 273 excavator from one location to another at the site. Using the bucket refers to any activity in 274 which the bucket was lowered, filled, raised, or emptied. The bucket is also used to lift heavy 275 equipment and objects. 276
Data Quality Assurance 278
The goal of quality assurance is to develop a database that contains valid data. were found for any excavator. 307
Synchronization of engine and emissions data is evaluated after other quality checks are 309 completed. For this purpose, segments of second-by-second data are selected in which ES 310 changes by greater than 200 RPM in one second and by greater than 500 RPM for a short-term 311 event that may occur over several seconds. Temporal trends of CO 2 and CO concentrations are 312 compared to the change in engine RPM. Based on analysis of time traces, the concentrations of 313 CO 2 and CO were found to be more responsive to changes in ES than for other pollutants. The 314 time difference between the corresponding initial rise (or initial decrease) in ES versus the 315 corresponding change in CO 2 concentration, CO concentration, or both, is referred to as 316 "synchronization time (T synch )." If T synch is not zero, then the engine data must be shifted earlier 317 or later compared to gas analyzer data and the second-by-second emission rates must be 318 recalculated using the proper pairing of engine and concentration data. For each of the test 319 excavators, the raw emissions data reported by the PEMS were found to be one second earlier 320 than engine data. This error was corrected for all data files. 321 
RESULTS
337
The results include: (1) benchmark comparison of measured emissions rates of the excavators to 338 estimates based on the NONROAD model; (2) exploratory analysis of variation in emission rateswith respect to engine variables; (3) characterization of the effect of microscale events (e.g. 340
short-term events such as use of the bucket) during real-world operation on real world emission 341 rates; and (4) quantification of variability in fuel consumption and emission rates with respect to 342 variability in duty cycles. 343 344
Comparison of Measured and Modeled Emission Rates 345
The average emission rates obtained from measurements using PEMS are compared to estimates 346 obtained using the NONROAD model in order to assess similarities and for benchmarking 347 purposes. The comparisons were done on a mass of pollutant per unit of fuel consumed basis. 348
Because the NONROAD models reports emission factors in units of g/bhp-hr, a brake-specific 349 fuel consumption (BSFC) rate of 0.367 lb/bhp-hr was used for conversion. 41 To correspond as 350
closely as possible to the tested excavators, NONROAD model results were obtained for 351 excavators for the closest matching model years and engine size ranges. The results of the 352 comparison are given in Table 2 . The average CO emission rates agree to within 25 percent for the PEMS and NONROAD-based 367 estimates for Excavators 1 and 3. The average difference is 60 percent for Excavator 2. 368
The PEMS-based averages of inferred PM concentration based on the light-scattering (opacity) 370 measurement are within an order-of-magnitude of the estimates from the NONROAD model, but 371 the latter are consistently larger than the former. Thus, the opacity data from the PEMS are not 372 likely to be useful for estimating the magnitude of total PM emissions, but might be useful Table 3 . For excavators, idling is comprised of four sub-modes that include low idle, high idle, and two 420 transients, as illustrated in Figure 3 for Excavator 2. In low idle, the engine runs at 900 RPM or 421 less. Prior to when the operator is ready to start using the bucket, the operator uses the ES 422 control unit to manually increase the engine idle speed to a high idle, at approximately 1,000 to 423 1,100 RPM. The two types of idles, as well as the transitions between low and high idle, and 424 between high idle and use of the bucket, are assessed individually with respect to their effect on 425 fuel use and emissions. 426 427 A comparison of the average modal rates for fuel consumption and each of the five pollutants is 428 shown in Figure 4 . Typically, for a given quantity, the rate for low idle is the lowest. High idle 429 has a higher rate than low idle. The transient (1) mode has comparable or higher rates than high 430 idle in most cases. The transient (2) mode is highly variable among the vehicles. For Excavator1, transient (2) has average rates comparable to the other idling modes, whereas for Excavator 2 432 and, especially, Excavator 3, these rates are typically significantly higher. The bucket and 433 moving modes tend to have similar average rates compared to each other for a given quantity and 434 vehicle. In most cases, the bucket and moving modes have higher average rates than the 435 Transient (2) mode. Overall, it appears that there is not much benefit to separately quantifying 436 the bucket and moving modes, because their rates are similar. Thus, these two modes can be 437 combined into one "non-idle" mode. Table 4 . The average emission rate 494 for the cycle was estimated based upon the time-weighted average of the normalized modal 495 emission rates. The results are given in Table 5.  496   497 For a given vehicle, the average normalized fuel use and emission rates vary substantially when 498 comparing Engine Duty Cycles 2 and 3, with the exception of CO. For example, the normalized 499 average fuel consumption rate for Excavator 2 is 0.53 and 0.33 for these two cycles, respectively. 500
On average, there is a 63 percent reduction (except for CO) in normalized fuel consumption and 501 emissions rates when comparing these two cycles. However, Engine Duty Cycles 1 and 2 are 502 similar to each other, and the average normalized rates for a given vehicle and quantity differ by 503 less than 0.06 in most cases when comparing these two cycles. On average, there is 2. in fuel use and emission rates were found to be highly correlated with engine MAP, which is a 537 practical although not perfect surrogate for engine load. Because consistent trends were 538 identified for fuel use and emission rates versus MAP, distributions of MAP were used to 539 characterize duty cycles, and ranges of MAP were used to estimate modal emission rates. 540 541 However, an attempt to define "task-oriented" modes merely provided insight that emission rates 542 are substantially different for idle versus non-idle, but was not able to explain variability in 543 emission rates when the vehicle was using a bucket or moving laterally over a site. Instead, the 544 use of distributions of MAP was found to be more useful for characterizing variability in 545 emissions during non-idling vehicle operations. 546 547 For the three vehicles tested, there was more variability in emission rates associated with 548 estimates of average emissions for different duty cycles than there was among different vehicles 549 (engines) for the same duty cycle. While this result may not be generalizable because of the 550 small number of vehicles and duty cycles observed here, it implies a need to consider inter-cycle 551 variability as a quantifiable factor when developing nonroad vehicle emission inventories. 552
The data collection and analysis methodology developed here is recommended for application to 554 larger numbers and different types of nonroad vehicles, such as bulldozers, front-end loaders, 555 backhoes, motor graders, off-road dump trucks, and others. Data collection on nonroad vehicles 556 should include characterization of various duty cycles for each type of vehicle, and their 557 implications for fuel use and emission inventories. 558
559
IMPLICATIONS 560
Emissions from nonroad vehicles are becoming of increasing importance as emissions from other 561 sources are reduced. There is a need for a methodology for measuring, analyzing, and reporting 562 real-world fuel use and emissions from nonroad vehicles, such as excavators. A procedure for 563 field data collection, quality assurance, and analysis is demonstrated that can be applied to 564 nonroad vehicles. The results indicate that it is possible to obtain new insight regarding the 565 effect of inter-vehicle and inter-cycle variability in fuel use and emissions from these data. Such 566 methods and data should be used to improve nonroad emission factor and inventory models. Because the NONROAD models reports emission factors in units of g/bhp-hr, a brake-specific fuel consumption (BSFC) rate of 0.367 lb/bhp-hr was used for conversion. To correspond as closely as possible to the tested excavators, NONROAD model results were obtained for excavators for specific model years and engine size ranges. The term "opacity-based PM" is used here rather than Particulate Matter because PM are detected using a light-scattering method, which is a semi-quantitative approach for characterizing the particle loading in the exhaust. Figure 8 . 2 The average normalized fuel use or emission rates are estimated based on the CDF of manifold absolute pressure for a given engine duty cycle, from which the fraction of time in each mode for a given excavator was estimated. The average normalized fuel use or emission rate is a time-weighted modal average. 
